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1 1. INTRODUCTION
Several studies using laser and LEDs have been
developed for their application as in medicine to pho
todynamic therapy and diagnostics; in dentistry to
treatment of pain, hypersensitivity, caries prevention
[1–3], diagnostics [4], ablation [5–7], lightcuring (or
photoactivation) of materials [8–13], and tooth
whitening [14].
The use of lasers in the medical field, as an instru
ment for contactfree tissue removal of dental hard tis
sues [15–32], osseous tissues [33–35] have been stud
ied as a means for complementing conventional drill
ing or cutting tools. In all applications, a balance
between several phenomena must be taken into con
sideration. When light is absorbed by the tissue mole
cules, the absorbed energy may result in distinct bio
logical effects as: material vaporization, melting
recrystallization, or plasma formation. The competi
tion between such phenomena ends by determining
the final aspect of the outcome.
According to some authors laser fluences
(Nd:YAG) that effectively remove restorative materi
als and do not result in ablation nor damage of the
dental tissues are below 40 μJ per pulse [6].
Tissue heating or vaporization induced by light
absorption are the main phenomena considered in
ablation mechanism and normally, processes as dis
ruption and plasma formation also occur concomi
tantly. When using ultrashort light pulses (femtosec
1 The article is published in the original.
ond), the energy is mainly absorbed in a short period
of time, resulting in a local effect and restricting the
heating of adjacent tissue. This short time dynamics
creates the possibility of obtaining a more controlled
material removal, with sharp edges and less thermal
sideeffects, with the ultimate goal of better preserving
the characteristics of the remaining tissue. For this
reason, the ultrashort pulsed ablation is considered as
a surgical technique with great potential, also in den
tistry.
High power densities can promote plasmainduced
ablation and induce a welldefined removal of tissue
[28]. The applications of ultrashort laser pulses have
been suggested as contactless drills in dentistry, which
may be an alternative to the conventional mechanical
techniques improving the quality of the dental treat
ments [20]. In special to this application, avoidance of
thermal effect is required [17, 20–22, 24–29, 32, 33].
With more clinical studies, the ultrashort laser pulses
can be used to improve the effectiveness of some dental
surgical procedures [21]. Other studies have shown
that pulses of lasers in the femtosecond regime give us
a tool to reduce the procedure time of dental treat
ment to an acceptable clinical time, with an excellent
quality, and with unsurpassed selectivity of caries [25–
27]. The higher quality is a result of minimum thermal
effect during the interaction between laser and tooth.
When a laser beam is focused at a material surface,
first a surface ablation takes place, followed by a pro
gression of this process into the material. On dental
hard tissues, commonly, it is observed that the diame
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ter of the ablated cavity decreases as the depth
increases. The geometry of the ablated volume into the
material can be influenced by several factors, includ
ing beam geometry, the modification of the optical
properties of the irradiated tissue and the dynamics of
laser/tissue interaction induced by the formation of
the ablation products.
The investigation of the progression of the ablation
process within the material was the main aim of this
study. In special, the analysis of discontinuity on the
ablation profile at the interface between enamel/den
tine (dentinoenamel junction) can reveal some of the
phenomena involved in the determination of ablated
microcavity geometry. In an attempt to better under
stand this issue, a model was developed to perform the
analysis from collected data of the surface ablation
information and its extrapolation to determine the
behavior in the bulk material. The model previously
demonstrated by our research group [15, 18, 19] is
based on the determination of an “local effective
intensity.” This model can always be applied when a
Gaussian laser beam profile is used. It was shown that
the variation of the diameter of the ablated region as a
function of the cavity depth can be expressed as a
mechanism of laser intensity attenuation, as a result of
a series of complex effects. The application of this
method allows the prediction of the occurrence of a
size discontinuity on the ablation geometry at the
interface (dentinoenamel junction) of distinct media.
The study of physical processes involving the dental
hard tissue ablation in the short pulse regime is still a
rich subject for investigation. To our knowledge the
analysis of the phenomena of ablation at the interface
between two hard tissues has not been considered, this
lack of studies motivated our research. Here the
method is applied to understand the variations on the
ablation geometry that occurs at the interface of
enamel and dentine of bovine teeth.
2. EXPERIMENTAL PROCEDURE
Bovine and human teeth were used in the present
investigation. Human teeth were extracted by orth
odontic indication and collected after the patient
informed consent and protocol approved by Research
Ethics Committee of the School of Dentistry at São
Paulo State University, São Jose dos Campos, Brazil.
The teeth were embedded in a mold with polyester
resin, to allow better sample positioning at the irradia
tion setup. The samples were polished, using sandpa
per and water with decreasing granulation until a flat
and uniform enamel or dentine surface was obtained.
The sample was mounted on an X–Y–Z translation
stage, allowing the correct position to laser incidence
of each irradiation site. The surface to be ablated was
placed perpendicular to the laser beam at its focus.
The laser system used in this experiment was a
Ti:Sapphire femtosecond (LibraS, Coherent, Palo
Alto, CA, USA) Qswitched and modelocked laser,
emitting pulses of approximately 70 fs, at wavelength
at 801 nm, operating at a constant pulse repetition rate
of 1 kHz. Pulse duration of 70 fs was measured using a
2nd order autocorrelator (CoherentSSATM). The
beam was steered with highly reflective coated dielec
tric mirrors and passed through a 20 cm focal length
lens before reaching the target tissue. The experimen
tal optics resulted in a Gaussian laser beam of a waist
(ω0) of around 17 μm at the focal point.
Dental hard tissues, enamel and dentine, were irra
diated under different average powers (ranging from
200 mW to 1 W for enamel and from 200 to 700 mW
for dentine) and fixed exposure time of 15 s. The irra
diated samples were longitudinally rubbed with sand
paper to allow the observation of the ablation progress
underneath tissue surface at optical microscope for the
determination of the diameter and depth along the
microcavity. As a result, the profile of the ablated
microcavity could be determined. This corresponds
to the progression of the laser ablation along the tissue
depth. The microcavity images were obtained using a
CCD camera coupled to an optical microscope. The
determination of the local effective intensity of enamel
and dentine was based on the ablated geometry [15,
18, 19]. This effective intensity at ablation site within
the material can be related to the incident intensity at
the surface (I0) and basically follows the geometry of
the Gaussian beam. The methodology for analysis is
better described in the discussion.
3. RESULTS AND DISCUSSION
A typical obtained profile for the ablated region is
observed at Fig. 1. The diameter decreases with the z
position (depth), and this geometry depends on the
characteristics of the lasermaterial interaction. So it
is important to introduce a method for foresee the
geometry of ablation, relating it with the basic proper
ties of the lasermaterial interaction as described in
75 µm
Fig. 1. Light micrograph of the profile of the ablated region
in bovine enamel irradiated with 200 mW.
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sequence. To understand the discussion, let us start by
a brief revision of focused Gaussian laser beam.
Looking first at the laser beam, its geometry can be
analyzed using the well known spatial intensity distri
bution as given by Eq. (1), for a Gaussian laser beam,
, (1)
where I is the intensity, I0 is the central beam intensity,
r is the transversal radial coordinate, and z is the coor
dinate along the propagation direction.
In this expression ω(z) is the beam Gaussian waist
variation along the propagation direction and is given
by a wellknown expression [29]
. (2)
The smallest waist at the focal spot, here named ω0,
is associated with the starting point of the longitudinal
position (distance, z = 0).
Where zR is the Rayleigh length, ω0 the beam waist
at the focus, where the beam radius is at its minimum,
and is associated with the starting point of the longitu
dinal position.
In terms of incident power (P0), I(r, z) can be writ
ten as,
(3)
with ω0 = 0.017 mm, determined by scanning knife
edge method for Gaussian beam [36] and zR = 1.1 mm
(Rayleigh length), this expression characterizes the
laser beam profile, and hence the intensity along the z
position, in the absence of interaction with the sample
and which determines the ablated profile.
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The geometry in which ablation progress into the
material can be influenced by several factors, one of
these is the beam geometry focused on the surface.
This question can be easily analyzed, if the beam
divergence and its correlation to the ablation profile
are determined. There is a minimum intensity for the
ablation (Threshold intensity, ITh) below which no
ablation is observed and above which ablation occurs.
In this sense, the actual region removed by laser can be
obtained from Eq. (3), through the relation,
, (4)
where R is the radius of the ablated area for each posi
tion. Removing ITh, from expression (4), we get in the
approximation that laser beam is not affected, the
ablated radius, expressed in terms of Gaussian beam
characteristics. R0 is the radius of the ablated area at
the surface (z = 0)
. (5)
The behavior of the calculated ablated radius on
the beam focus as a function of zposition, based in
Eq. (5), compared with the beam intensity, is shown in
the plot of Fig. 2.
The aspect of this curve (Fig. 2) is an increasing
radius with the position (after the Rayleigh length). In
this way, the observed geometry of Fig. 1 employing a
Gaussian beam cannot be explained based on the
divergence of the beam. To analyze this profile we
developed a methodology called “local effective inten
sity” [15, 18, 19], which is briefly discussed as follow.
To apply this method, first the diameter of ablated
surface region versus focal intensity (I0 = 2P0/ ) is
ITh I r R z,=( )=
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Fig. 2. Calculated radius of the beam focus as a function of zposition, based on Eq. (5).
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obtained. The results of this measurement for bovine
enamel and dentine are shown in Fig. 3.
The plot of Fig. 3, resulted from the ablated micro
cavity, correlating the Gaussian laser peak intensity
with the ablated diameter, when the waist of the beam
is ω0. For the distances Z < ZR, we can assume that
ω(z) = ω0, and we can also associate each point of the
ablation depth, with a local intensity that caused the
spot diameter of ablation as observed at the surface.
Let us start presenting the observed diameter as a func
tion of position. The plot in Fig. 4 shows the ablation
diameter measured on samples of bovine tooth as a
function of depth for two different average laser powers
(600 and 800 mW).
The observation of the diameter discontinuity,
indicated by the arrow at Fig. 4, corresponds to the
real interface between enamel and dentine. This
referred discontinuity on the diameter is observed
around 0.5 mm—depth, where the enamel/dentine
interface is located. Based on the experimental data of
ablation profile of the microcavity and the laser inten
sity at Z = 0 position (Fig. 3), the effective intensity for
different tissue depths can be determined. In this case,
a directly association using the plot of Fig. 3 allows us
to present the ablated diameters as a function of depth
in a plot of “effective” intensity as a function of depth.
Figure 5 shows the effective intensity for all investi
gated average powers at bovine enamel. The plots show
the decrease of the effective intensity along the abla
tion depth for all used total powers. A higher initial
average power irradiation, results in a higher ablation
depth, which was already expected due to a higher
intensity.
This shows that the variation on the diameter of the
ablated region as a function of the cavity depth comes
essentially from a mechanism that effectively results in
intensity attenuation, as a consequence of a series of
complex effects. Probably, the ablation products shield
the further action of the incident beam.
Near the surface the effective ablation is discrete
and increases as the ablation progress within the mate
rial (Zposition). This may indicate that for higher
powers, other mechanisms began to be more relevant.
Using 600 mW, we observed at the interface
enamel/dentine the occurrence of an intensity discon
tinuity. Even though this intensity discontinuity exists
and is showed by a leap at enamel/dentine interface,
the local intensity remains the same, evidenced by the
parallel lines. This means that the variation of geomet
ric ablation continues to be determined by the effec
tive ability of the material to absorb energy from the
beam, along its propagation within the material.
When the effective intensity is considered (Fig. 5)
we observe that the gap basically disappear, showing
that, besides the presence of the interface, the change
in material ablation properties induces the discontinu
ity in the diameter of the ablated volume.
Also referring to Fig. 4b, it is worth to observe that
as the material is continuously ablated within the den
tal tissue, an apparently nonablated region appears as
the effective intensity is below the threshold intensity.
0.25
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Fig. 3. Surface diameter as a function of surface effective
intensity for the bovine enamel and dentine.
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The light is still propagating into the material, in this
apparently nonablated region, until it reaches the
interface with the new material (dentine), where now
the local light intensity is able to result in ablation.
After that point, cavity is again observed and the sys
tem progresses from there. It seems interesting to
observe that the ejected material from ablation finds its
way out through the previous ablated material left.
A similar analysis can be performed for human
teeth, in order to compare the ablation process at
bovine and human enamel, it is not presented here.
A light micrography of the ablation profile for
bovine tooth irradiated with 800 mW at the
enamel/dentine interface is shown in Fig. 6.
In this study, we first analyzed the process of abla
tion in surface region of the enamel and dentine, as
function of intensity at the laser focus. From this mea
surement, we extrapolated the results for the analysis
of the behavior of the ablation in the bulk material.
However, to analyze these results, we noticed the
emergence of another phenomenon that occurs at the
interface enamel/dentine, which will be discussed
below.
In order to certify the validity of the presented anal
ysis, we consider the result in Fig. 6 and more specifi
cally the discontinuity presented at the interface (den
tinoenamel junction). The behavior of the diameter of
ablation versus the ablated depth was analyzed
(Fig. 4). It is noted that the process of ablation shows
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Fig. 5. Effective intensity for all investigated average powers at bovine enamel; (a) 200, (b) 400, (c) 600, and (d) 800 mW.
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an interesting behavior when it begins at enamel sur
face, progresses within the tissue and reaches the den
tine. In the Fig. 4a we divided our graph in 2 regions:
ablated enamel and ablated dentine. A hypothesis for
the phenomenon of a larger diameter found in dentine
can be explained due to the plasma shielding effect
that can be denser for the dentine than for enamel,
promoting a greater reflection of the incident laser
beam and of its resulting heat distribution. In the plot
of the Fig. 4b a new region can be observed, where it
was not ablated in enamel, but then becomes a cavity
region in dentine. This can be explained, considering
that no ablation was induced at this region due to the
effective intensity at this position. This energy was
below the ablation threshold for enamel. However, the
same energy was superior to the threshold for the den
tine ablation; at the interface a nonablated enamel
and ablated dentine could be observed.
According to some authors [7] for nanosecond
laser pulses with fluence J less than 30 J/cm2, there is
no plasma formation in the evaporated material how
ever for the same fluence for femtosecond laser pulse
plasma is formed after the pulse and has thermal
nature.
We noticed, in Fig. 6, that there is a discontinuity in
ablation profile. To understand this process, we must
consider the plot of the diameter of ablation versus the
intensity (Fig. 3). Assuming, the effective intensity for
the enamel is 20000 W/cm2 in one point at the inter
face, the diameter observed in enamel would be d =
0.04 mm. Using the same effective intensity for den
tine (Fig. 3), the correspondent diameter will be
approximately 0.06 mm. Thus at the interface, the
effective intensity is approximately the same, causing
larger diameter of ablation in dentine when compared
to enamel. In fact, the plot in Fig. 3 provides sufficient
information that allows the prediction of the disconti
nuity of the ablation diameter that occurs at the inter
face of two different materials. The accuracy and
observation are quite consistent. Considering that the
effective intensity is practically the same in the
enamel/dentine interface, it reinforces our idea that
the discontinuity of ablation at the interface between
two materials is strongly influenced by their distinct
absorption coefficients. Seka et al. observed the signif
icantly enhanced energy deposition in the dentine just
beyond the interface enameldentine, due to the sig
nificantly higher absorption coefficient for nearIR
light in dentine as compared with enamel [37]. Due to
the different structural organization and composition
of enamel and dentine, the absorption of these tissues,
shows distinct behavior, ranging over the sample. This
heterogeneity is more evident in dentine than in
enamel. Enamel is a biological crystalline structure
containing a percentage weight of 97% of mineral, 2%
of water and 1% of organic material [38]. While the
dentine contains a percentage weight of 70% of min
eral, 12% of water and 18% of organic material [38].
Discussing about demineralization of enamel, sev
eral authors evaluated the change that occurs in dental
enamel under action of laser irradiation aiming to
obtain a more resistant structure to demineralization
[1, 2]. These compositional effects were more evident
in irradiated samples. These changes may alter the
material properties such as its solubility, and decrease
of demineralization that is important for caries pre
vention [1], and indicated a safe parameter for use in
this case [2]. However the blue light, especially LED is
not innocuous for the dental enamel and inhibition of
its remineralization can occur [3].
More detailed studies of the process of ablation at
interfaces between two tissues are demanded, in order
to better understand this phenomenon, and to support
the application of femtosecond laser.
4. CONCLUSIONS
This study demonstrates a new alternative way to
quantify the progression of ablation using the local
effective intensity for dental hard tissues based on
geometry of the Gaussian beam. It showed that the
variation of the diameter of the ablated region as a
function of the cavity depth comes essentially from a
mechanism of effective intensity attenuation, as a
result of a series of complex effects. Additionally, our
method is sufficient to predict that a discontinuity of
the ablation diameter will occur on the interface
between two tissues (enamel/ dentine), using the sur
face ablation data. Finally, using this method, we can
obtain the volumetric ablation from information col
lected at the surface of the materiallaser interaction.
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